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Endothelial Cell Death in Emphysema: More Sugarcoating Needed?
Chronic obstructive pulmonary disease (COPD) is the third leading cause of death worldwide (1) . The main risk factor for COPD in developed countries is smoking cigarettes. Inhaling cigarette smoke (CS) leads to different pulmonary pathologies, including emphysema, which contributes significantly to the poorly reversible airflow obstruction that is characteristic of COPD (2) . The proteinase/antiproteinase hypothesis for emphysema development was formulated in the 1960s and postulates that CS increases the lung burden of proteinases to exceed the lung antiproteinase defense (2) . However, in 2000, the "vascular hypothesis" emerged based on studies showing that 1) pharmacologic inhibition of VEGF (vascular endothelial growth factor) signaling via its receptors on endothelial cells (ECs), which is a crucial prosurvival pathway in these cells, leads rapidly to emphysema development in rats (3); and 2) pulmonary EC death occurs in COPD lungs associated with reduced lung levels of VEGF and its receptors (3). The vascular hypothesis proposes that components of CS that are absorbed into the circulation trigger apoptosis of pulmonary ECs (a key component of the alveolar septae), causing destruction of the alveolar walls (3) .
Increased intracellular levels of ceramide (a second-messenger glycolipid molecule) were later linked to alveolar septal cell apoptosis in animal models of emphysema and human emphysematous lungs (4) . Ceramide sits at a central hub that determines cell death or survival. Proapoptotic ceramide is enzymatically synthesized from serine and palmitoyl-CoA (coenzyme A) or is generated by enzymatic cleavage of sphingomyelin (a cell membrane component) or other pathways ( Figure 1A ). Cell survival is promoted when intracellular ceramide levels are reduced by the conversion of ceramide to sphingosine-1-phosphate or metabolites of ceramide that have been glycosylated (glycosphingolipids [GSLs], including glucosylceramide [GlcCer]) by the actions of GCS (glucosylceramide synthase) (5, 6) ( Figure 1A ). The GCS-GlcCer pathway has not been robustly evaluated in the pathogenesis of emphysema, but it has the potential to contribute, as Gcs 2/2 mice die before birth from massive apoptosis (7) , and GlcCer mediates the prosurvival effects of VEGF on ECs partly by inhibiting autophagy-mediated cell death (8) .
Autophagy is a normal homeostatic process by which organelles, proteins, and other cellular components (cargo) are recycled in several steps (autophagic flux; Figure 1B ). Autophagosomes are assembled from invaginations of cellular membranes into which cargo is loaded from the cytosol. Loaded autophagosomes fuse with lysosomes, leading to acidification of the resulting autolysosomes and this permits degradation of the cargo by acidic proteinases such as cathepsin B (9) . mTOR (mammalian target of rapamycin) is a negative regulator of autophagy (9), whereas endoplasmic reticulum (ER) stress promotes autophagy by inhibiting mTOR activation. However, when autophagic flux is excessive or impaired, this results in autophagic cell death (10) . CS exposure triggers autophagy in various cells, and excessive autophagymediated cell death is linked to emphysema development (11) . Whether the GCS-GlcCer pathway contributes to the pathogenesis of emphysema by inhibiting autophagic cell death via effects on the mTOR pathway and/or lysosomal function is not known. In a study reported in this issue of the Journal, Koike and colleagues (pp. 1113-1125) addressed these issues by testing a GSC inhibitor, and using GCS silencing and overexpression approaches on ECs to test the hypotheses that CS exposure reduces GCS and GlcCer levels in ECs, and that reduced GCS and GlcCer levels lead to reduced mTOR signaling, impaired lysosomal function, and autophagic flux, thereby increasing EC death (12) . . However, ceramide is enzymatically converted to metabolites that promote cell survival, including 1) GlcCer, which is synthesized by GCS (glucosylceramide synthase); 2) sphingosine-1-phosphate, which is synthesized by SK (sphingosine kinase); and 3) ceramide-1phosphate, which is synthesized by CK (ceramide kinase). In their study, Koike and colleagues explored the hydrolytic pathway, in which proapoptotic ceramide is converted to GlcCer (which is a glycosylated prosurvival signaling molecule) by the enzyme GCS. (B) Mechanism by which cigarette smoke (CS) induces pulmonary endothelial cell death by reducing the conversion of ceramide to GlcCer (glycosylceramide) to induce autophagic cell death. CS reduces the levels and/or activity of GCS in pulmonary endothelial cells, which leads to 1) increased intracellular levels of proapoptotic ceramide, and 2) reduced generation of GlcCer (a prosurvival mediator) in pulmonary endothelial cells. Reduced intracellular GlcCer levels lead to decreased activation of the mTOR pathway, which causes lysosomal membrane dysfunction (possibly via impaired fusion of lysosomes with autophagosomes) and failure to adequately acidify autolysosomes, which impairs autophagic flux and induces autophagic cell death. Accumulation of ceramide in the endoplasmic reticulum (ER) leads to ER stress, resulting in apoptosis. Thus, CS-induced reductions in intracellular GlcCer levels reduce cell survival by impairing autophagic flux to trigger autophagic cell death and promoting apoptosis via ceramide-induced ER stress. CDase = ceramidase; S1PP = sphingosine-1-phosphate phosphatase.
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They also investigated whether increasing GlcCer levels in cells ameliorates these processes to enhance cell survival in CS-exposed ECs.
Using liquid chromatography with tandem mass spectrometry, the authors showed that lung GlcCer levels were decreased in mice with elastase-and CS-induced emphysema, and correlated indirectly with alveolar airspace size. GCS levels were lower in the lungs of patients with COPD than in never-smoker control subjects. Using a pharmacologic inhibitor of GCS (Genz-123346), or silencing GCS expression using siRNA techniques in primary human lung microvascular ECs (HLMVECs), they showed that reducing intracellular GCS levels increased intracellular ceramide levels and led to increased ER stress levels (which triggers apoptosis of ECs). This reduction in intracellular GCS levels also decreased mTOR activation, impaired acidification of autolysosomes, reduced cathepsin B activity in the autolysosomal, impaired cleavage of cargo, and caused autophagy-induced death of HLMVECs ( Figure 1B) . Exposing HLMVECs to CS recapitulated the effects of GCS inhibition, including impaired autophagic flux. Overexpression of GCS or addition of exogenous GlcCer to HLMVECs reduced autophagic cell death. The authors conclude that CS causes emphysema, in part, by reducing activation of the GCS-GlcCer pathway in ECs. This leads to reduced activation of mTOR, which induces impaired lysosomal degradation of cargo (possibly by impairing lysosomal fusion with autophagosomes), leading to autophagymediated death of ECs.
The study has several strengths. The authors used complementary animal models of emphysema, studies of human lungs, human EC culture systems, and multiple approaches (overexpression, siRNA techniques, and pharmacological inhibition) to interrogate the GCS-GlcCer pathway. They linked the GCS-GlcCer pathway to mTOR signaling, ER stress, and autophagy for the first time. The results are consistent with previous findings that plasma GSL levels are indirectly related to emphysema severity (13) . A limitation of the study is that the molecular mechanisms by which CS exposure reduces GCS and GlcCer lung levels to induce ER stress (to trigger apoptosis of ECs), and also to reduce mTOR signaling, impair lysosomal function, and induce autophagy-mediated death of ECs, were not identified. Lung GCS levels could be reduced by epigenetic silencing of GCS or oxidative stress-induced loss of GCS activity in COPD lungs (14) . The human cohort that was studied was small, smokers were not included as controls, the effects of current smoking on GCS and GlcCer levels were not measured, and GCS and GlcCer levels were not related to COPD severity or activity. The GCS-GlcCer pathway was not evaluated in lung samples from patients with COPD and phenotypes other than emphysema. The study also focused exclusively on the GCS-GlcCer pathway in ECs, but the death/survival of epithelial cells, leukocytes, and fibroblasts in the small airways of patients with COPD also contributes to the pathogenesis of this disease (15) .
Overall, this novel study highlights potential protective activities for GCS and its "sugarcoated" lipid product, GlcCer, in the CS-exposed lung. The results suggest that augmenting lung levels of GCS or GlcCer has potential as a novel therapeutic approach for patients with emphysema. Studies of CS-exposed mice in which GCS is overexpressed in ECs are warranted to determine whether this approach prevents or limits disease progression. Studies of the GCS-GlcCer pathway in large human COPD cohorts are needed to validate this pathway as a therapeutic target and/or biomarker for emphysema. n
